1. Introduction {#s0005}
===============

Viroids are single-stranded, circular, noncoding RNAs that cause a variety of infectious diseases in plants [@b0005]. Viroids have unique structural, functional, and evolutionary characteristics [@b0010]. Furthermore, they are the smallest self-replicating plant pathogens presently known, and possess very small genomes which range in size from 246 to 401 nucleotides [@b0015]. As the lowest level of biological complexity, viroids do not code for any proteins, but the genomes contain a number of RNA structural elements which can interact with factors from the host. In the past decade, considerable attention has been paid to some new insights and novel ideas concerning the mechanisms of viroid pathogenesis, host defense and viroid survival, transcription initiation and regulation, processing, and RNA trafficking. Mutation and recombination are usually considered to be the driving forces behind viroid genome evolution [@b0020; @b0025; @b0030].

Simple sequence repeats (SSRs), also known as microsatellites, are a class of DNA sequences consisting of simple motifs of 1--6 nt that are tandemly repeated a few to many times at a locus in a genome [@b0035; @b0040]. SSRs have been extensively studied for their evolutionary and mutational properties in eukaryotes, prokaryotes, viruses, and also pre-miRNAs [@b0045; @b0050; @b0055; @b0060; @b0065]. There is increasing evidence that SSRs can serve a functional role in the regulation of gene expression by affecting transcription, translational activity, DNA structure, and other metabolic activities [@b0070; @b0075]. Due to their high frequency of mutation [@b0080], SSRs can increase the diversity of the pathogen population to counteract the host immune response by providing a source of genetic variation [@b0085], which is important in the evolution history of pathogens [@b0090; @b0095]. In the present study, we can ask the following questions: why are SSRs ubiquitously present in viroid genomes? How do they arise? And what are the potential functions of these SSRs in the viroid genome? In this study we screened 36 reference genomes of different viroid species for the distribution of SSR tracts, and the results may offer novel insights into the occurrence, distribution, and evolution of sequence repeats in viroid genomes.

2. Materials and methods {#s0010}
========================

2.1. RNA sequences {#s0015}
------------------

A total of 133 complete viroid genome sequences were downloaded from the National Center for Biotechnology Information (NCBI) database (<http://www.ncbi.nlm.nih.gov/Taxonomy>). These sequences included reference sequences for the 36 reported viroid species and the sequences of 97 *Potato spindle tuber viroid* (PSTVd) isolates ([Supplementary Tables 1 and 2](#s0055){ref-type="sec"}). Microsatellites were extracted by using the IMEx (Imperfect Microsatellite Extractor) [@b0100]. While searching a sequence for SSRs, definition of the minimum number of repeats is an important criterion. Since viroid RNAs are very small genomes, and this would preclude the presence of a significant number of repeat copies, we adopted a relatively new search criterion, and the parameters for minimum repeat numbers were set as 5, 3, 2, 2, 2, 2 for mono-, di-, tri-, tetra-, penta-, and hexanucleotide repeats respectively. Only perfect repeats were extracted in this study. Thus, mismatch limit and imperfection percentage in repeat tract were set as 0% and 0%. The relative SSR density is defined as the total length (in nucleotides) contributed by each SSR per kb of sequence analyzed.

2.2. Software and analysis tools {#s0020}
--------------------------------

In this study, random sequences with the same base composition and lengths were generated by the Perl programs. The Perl script for simulating random DNA sequences is based on the principle picking bases without replacement.

Statistical analysis and regression curves were generated with the software packages SPSS and R. Possible secondary structures were calculated using RNA structure 4.6 and RnaViz 2.0.

3. Results and discussion {#s0025}
=========================

In accordance with previous studies [@b0105; @b0110], we found that SSRs are distributed throughout viroid genomes, and there is no direct correlation between SSR content and genome size or GC content (for all two, *R*^2^ \< 0.05 and *P* \> 0.1).

3.1. Viroid genomes contain a relatively high percentage of SSRs {#s0030}
----------------------------------------------------------------

In such small genomes, we detected the presence of a higher SSR density than in randomly-generated sequences similar in length and nucleotide percentage to viroid genomes, indicating that repeated sequences are probably an essential feature of the viroid genome, and are not nonfunctional "junk" or "selfish" sequences. Compared with other species with larger genomes, there are relatively few long repeats in viroids, showing that small viroid RNA genomes might preclude the presence of a significant number of repeat copies. Our results show that trinucleotide repeats occur with the highest frequency, followed by mono- and tetranucleotide repeats, with dinucleotide and hexanucleotide repeats being the least frequent. It is interesting to note that viroids are enriched with SSRs of all types. Evolution of SSRs in higher organisms has been owed to their occurrence in protein coding regions and the observed non-enrichment of SSRs other than tri- and hexa- has been linked to the selection against frameshift mutations caused by those repeats. There is no selection acting on enrichment bias of SSRs in viroid genomes as viroid genomes do not code for proteins.

We observe that the repeat content is higher in all of the reference sequences compared with the random sequences we generated ([Fig. 1](#f0005){ref-type="fig"}). The SSRs are not evenly distributed across the genomes. On average, 18% of the viroid genome is composed of repeats according to our analysis; the highest repeat content was found in *Iresine viroid* 1(IrVd-1) with 31.89%, and the lowest in *Coconut tinangaja viroid* (CTiVd) with 4.72%. The SSR analysis for the 97 PSTVd isolates revealed a similar distribution -- the repeat compositions average 24.20% in the PSTVd genomes analyzed ([Supplementary Table 2](#s0055){ref-type="sec"}). The relatively high percentage of SSRs provides evidence that SSRs are significant in the formation of viroid genomes, given the important relationship between repeated sequences and positive selection [@b0115; @b0120].

Viroids have the highest mutation rate of any known biological entity. In our study, considering the high percentage of SSRs in viroid genomes compared with randomly-generated sequences, we predict a tendency that favors repeat generation (for example, replication slippage) in the evolutionary history of the viroid genome.

This tendency of producing repeats could be responsible for the observation that microsatellite polymorphisms are derived mainly from variability in length rather than in the primary sequence, and also for the observation that all three insertion mutations were adjacent repeats [@b0125]. This repeat mechanism could also potentially lead to increases in genome size, and thus it is probably relevant to consider that lengths of viroid genomes tend to increase during evolution.

In the evolutionary history of viroid genomes, the occurrence of many repeated sequences may be harmful or even lethal, and they may be eliminated as a result of negative selection. This is one possible reason why genomes are not found to become longer very quickly; most very short SSRs may be selectively neutral, and become fixed by genetic drift. On the other hand, some longer repeat sequences may be beneficial to the genome, and can undergo positive selection to obtain functions that will enable the organism to survive changes to the environment.

Thus, we can ask -- how important is this repeat tendency in the evolution of the viroid genome? A previous study has shown that a structural periodicity phenomenon has occured in most viroid genomes [@b0130]. The formation of structural periodicity, which can also be considered to be an imperfect minisatellite, is likely due to the duplication of the consensus sequence during genome evolution. For example, the primary sequence AUCG ([Fig. 3](#f0015){ref-type="fig"}) can undergo segmental duplication during the process of evolution. In addition, the genome can be subjected to other dynamic process such as insertions/deletions, or point mutations, eventually resulting in an imperfect repeated sequence.

Interestingly, an experimental variant of citrus exocortis viroid (CEVd) was recently identified that has a 96-nucleotide duplicated sequence [@b0135]. This could be considered evidence for the repeat tendency mechanism. Species with larger genomes, such as yeast [@b0140], can also make use of repeat tendency to expand their genome size. In the human genome, the widespread occurrence of copy number variation also supports the significant role of repeat tendency in genome evolution. From these results we can see that repeats play a vital role in genome structure, and make a prominent contribution to genome expansion. Conceivably, the tendency to accumulate repeated sequences could be a driving force which can lead to the continual expansion of genome size in the continuing evolution of viroids.

3.2. SSR polymorphism {#s0035}
---------------------

Analysis of the occurrence of SSRs in 36 reference viroid genomes reveals a general trend of over-representation of every type of SSR repeat unit ([Fig. 2](#f0010){ref-type="fig"}), suggesting that the reference genome sequences tend to accumulate more repeats than the randomly-generated sequences. Mononucleotide and tetranucleotide repeats are significantly over-represented in viroid genomes.

Some repeat regions are highly polymorphic ([Supplementary Table 5](#s0055){ref-type="sec"}), such as the mononucleotide poly-A repeats of the PSTVd genome. In contrast, some repeated sequences are highly conserved in the genome; for instance, the tetranucleotide repeat UCCUUCCU is present in all *Pospiviroid* reference genomes. We screened for sequence polymorphisms among strains of PSTVd; RNA sequence alignments showed that some SSRs in the viroid genome are polymorphic, and mainly involved mononucleotide SSRs flanking region ([Fig. 4](#f0020){ref-type="fig"}). We can ask, what is the potential role of SSR variation in the viroid genome? We hypothesize that these SSRs may provide adaptive variation that is important to viroid evolution. The presence of polymorphic SSRs also reveals an important role for insertion--deletion mutations as a mechanism for producing genetic diversity in the viroid genome.

For mononucleotide repeats, the number of repeats decreases exponentially as the repeat iteration increases. This observation strongly suggests that it is very easy for short sequence repeats to form in the genome. In our opinion, such short repeats are the foundation for forming higher iteration repeats, and the repeated sequences might have arisen gradually from iterations of 5 to 6, and then to 7, and so on. This suggests that variation in the numbers of sequence repeats could proceed mainly through the process of strand-slippage during replication. Stand-slippage may be the main mechanism for producing insertion--deletion mutations during replication. For viroid genome, the slippage activities could be expected to occur frequently since the replication process depends on an DNA-dependent RNA polymerase, which is characterized by relatively lower replication fidelity.

3.3. SSR distribution and viroid secondary structure {#s0040}
----------------------------------------------------

To get a detailed picture of the distribution of repeats in the different genomes, we selected the reference sequences of *Potato spindle tuber viroid* (PSTVd), *Apple scar skin viroid* (ASSVd), *Hop stunt viroid* (HSVd), *Coconut cadang-cadang viroid* (CCCVd) and *Coleus blumei viroid* 1(CbVd-1) as representative genomes for analysis.

The secondary structure of viroid genomes consists of double-stranded stem--loop regions. The distribution of repeats in relation to viroid secondary structure is shown in [Fig. 5](#f0025){ref-type="fig"}. From [Fig. 5](#f0025){ref-type="fig"}, we can see that many more repeats tend to occur in the pathogenic and variable regions, which are related to viroid pathogenicity. For instance, the mononucleotide SSRs are predominantly distributed in the pathogenicity region ([Supplementary Table 4](#s0055){ref-type="sec"}). Thus, is there a correlation between repeat sequence and pathogenicity? A previous study showed that there are 27 nucleotide changes between isolate CEV-A and isolate CEV-DE26 of citrus exocortis viroid [@b0145]. Based on the published sequences, we find that there are three deletions present in the long repeat region of the genome of isolate CEV-DE26 as compared to the sequence of CEV-A and there are also some substitutions in the short repeat region. These results could potentially provide clues for understanding the role of repeat sequences in the P and V domains.

From the alignment analysis in [Fig. 4](#f0020){ref-type="fig"}, we also can see that most of the poly-A-type repeats are located in the loop regions, and it appears that mononucleotide A repeats tend to form loops in the secondary structure. One possible explanation is that the higher number of repeats, the more difficult it is to form stable base pairs on a complementary strand. Therefore, there is a higher probability of forming loop regions for longer poly-A repeats. In the stem region, there are more CG base pairs than AT base pairs ([Supplementary Table 3](#s0055){ref-type="sec"}), which is not only due to the CG content bias of the genome. It is more likely that stem structures in the genome contain more stable CG base pairs that AT base pairs. In contrast, A/T nucleotides are more prone to be located in the loop regions. It is easier for genomes to generate variability with poly (A/U) repeats than with poly (C/G); thus, the length of poly-A sequence repeats show a high degree of variability. In addition, all tetranucleotide repeats are related to loop structures, suggesting that they play an active role in the formation of these loops. Thus, we can expect a correlation between SSR distribution and secondary structure. If those loop structures are less constrained for stability, we suggest that they are the only place where an otherwise harmful SSR could lie on and thus a relaxed purifying selection in those regions could be expected. It appears that repeated sequences are an important component of the loop regions of the viroid genome. The functional role of tandem repeats in determining genome structure needs to be further tested by biological experimentation.

4. Conclusion {#s0045}
=============

In this study, we investigated the occurrence and distribution of SSRs in viroid genomes, and compared this with the occurrence of SSRs in randomly-generated viroid-like sequences. Taking our computational and statistical data together, we conclude that the non-random distribution of SSRs can influence viroid secondary structure. We suggest that the presence of SSRs could lead to genome sequence diversity that drives adaptation, and also that these SSRs might play a significant role in the evolutionary history of the viroid genome. Our study of SSR distribution is a small step toward a better understanding of genome structure and evolution in viroids.

Appendix A. Supplementary data {#s0055}
==============================

Supplementary data 1Supplementary material.Supplementary data 2Supplementary material.Supplementary data 3Supplementary material.Supplementary data 4Supplementary material.Supplementary data 5Supplementary material.
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![The occurrence of SSRs in 36 reference viroid genome sequences compared with randomly-generated, viroid-like sequences. (*P* \< 0.001).](gr1){#f0005}

![Comparison of relative SSR densities in the 36 reference viroid genomes with SSR density in randomly-generated, viroid-like sequences. For the *t*-test of mononucleotide and tetranucleotide repeats between reference and random, the *p* values are less than 0.002.](gr2){#f0010}

![A potential mechanism for imperfect repeat formation. Viroid genomes are subjected to segmental duplication during evolution, and at the same time the sequences can also experience point mutations and deletion/insertion, which can lead to imperfect repeats in the genome.](gr3){#f0015}

![RNA sequence alignments of five regions containing mononucleotide repeat polymorphisms for eight isolates of PSTVd. Only the viroid genome sequences from nucleotides 1 to 160 are shown.](gr4){#f0020}

![The distribution of repeat sequences in different viroid genomes. The genome sequences can be divided into five domains according to Keese [@b0150]. There is no detailed information at present about domain boundaries for CbVd-1.](gr5){#f0025}
